In a recent paper DiMarzio and Yang ͓J. Res. Natl. Inst. Stand. Technol. 102, 135 ͑1997͔͒ predicted that transport properties such as viscosity and diffusion coefficient do not follow the typical Williams, Landel, and Ferry ͑WLF͒ ͓J. Am. Chem. Soc. 77, 3701 ͑1955͔͒ or Vogel-Fulcher-type of temperature dependence as the glass transition is approached. Rather, a transition to an Arrhenius-type of temperature dependence is predicted. Here we describe long term aging experiments that explore the temperature dependence of the viscoelastic response of polycarbonate in the vicinity of the glass transition. Aging the material for long times below the nominal glass transition temperature, assures that equilibrium is attained and we can directly test the DiMarzioYang prediction. In tests in which glassy samples of polycarbonate were aged into equilibrium at temperatures up to 17°C below the conventionally measured glass transition temperature, we find that the results are consistent with a transition from Vogel-Fulcher or WLF-type behavior to Arrhenius-type behavior. Our results are discussed within the context of other measurements on nonpolymeric glasses and other recent results on polymeric glass formers. ͓S0021-9606͑99͒50222-5͔
I. INTRODUCTION
In the vicinity of the glass transition temperature T g the viscosity and diffusion coefficient of polymers and other glass forming liquids are strong functions of temperature. It is generally accepted that most materials exhibit nonArrhenius behavior. [1] [2] [3] [4] [5] For example, the viscosity is often described using the so-called Vogel-Fulcher 3 temperature law,
where 0 is a prefactor, B is a material parameter, T is absolute temperature, and T ϱ is the temperature at which the viscosity would become infinite. A typical example of the Vogel-Fulcher-type temperature dependence for polystyrene 6 is shown in Fig. 1 . The viscosity singularity at T ϱ is generally found to be approximately 50°C below the conventionally measured glass transition temperature and we note that when T ϱ ϭ0 K, the Vogel-Fulcher expression is equivalent to an Arrhenius equation. The singularity in the viscosity is often interpreted in terms of free volume 1, 4, 5, 7 models or the Adam-Gibbs 8 relation between viscosity and configurational entropy. However, in a recent publication DiMarzio and Yang 9 presented a new theoretical result, based on configurational entropy concepts, which suggests that there is no singularity in the viscosity-temperature behavior in going through the glass transition. Rather, they predict that the material should exhibit a transition towards an Arrhenius-type temperature dependence as the T g is approached. Therefore, it is of interest to revisit the problem of the viscosity-temperature relationship near to and below the nominal glass transition temperature.
In examining the problem of the temperature dependence of the transport properties ͑e.g., viscosity, diffusion coefficient͒ in glass forming systems we need to consider several aspects of the behavior. First, in most nonpolymeric materials, the viscosity and the material ''glassy'' relaxation times will follow closely with each other. On the other hand, in polymers, the viscosity is dominated by entanglement 1 effects with the result that the temperature dependence of the glassy or segmental relaxations may be different from the terminal relaxations or viscosity, [10] [11] [12] [13] [14] i.e., both B and T ϱ in Eq. ͑1͒ can differ depending on whether one measures segmental or terminal relaxation times. To assure that we address the relaxations relevant to the glass, we use timetemperature superposition principles 1 to determine shift factors for the segmental relaxation of polycarbonate. We then ask if these shift factors follow the appropriate VogelFulcher-type behavior or take on an Arrhenius-type behavior as one goes below the conventional glass transition.
An additional consideration is that, as one traverses the glass transition, it is well known that the material falls out of equilibrium and the corresponding relaxation times or viscosities of the nonequilibrium system do not become singular. 5, [15] [16] [17] [18] [19] [20] [21] [22] Therefore, it is important that measurements of the relaxation response be performed in such a way that the equilibrium response is obtained. We assure this by performing physical aging experiments using Struik's 22 protocol ͑described subsequently͒ for times as long as 23d(2 ϫ10 6 s) to assure equilibration of the mechanical response. Finally, we note that there are data in the literature that suggest Arrhenius behavior for the viscosity 23, 24 in some a͒ Current address: IRC for Polymer Physics, University of Leeds, Leeds, United Kingdom. b͒ Author to whom correspondence should be addressed. Electronic mail:
gmckenna@nist.gov JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 22 8 JUNE 1999 small molecule glass forming liquids and for the structural recovery times 25 in polymeric glass formers. We discuss our results in terms of these findings as well.
II. METHODS OF ANALYSIS

A. Analysis of the stress relaxation data
A standard approach to characterize the viscoelastic response of a polymer glass, such as polycarbonate, is to perform stress relaxation measurements in torsion. Here we report the relaxation response at a nominal torsional strain of 0.02, which we found previously 18 to exhibit the same aging time and temperature behavior as experiments at smaller strains, although at this strain the polycarbonate may be slightly into the nonlinear response regime. An often-used representation for the response function in stress relaxation experiments is the stretched exponential of Kohlrausch 26 -Williams-Watts 27 ͑KWW͒,
where G(t) is the shear ͑torsional͒ modulus response at time t, 0 is a characteristic time, ␤ a shape parameter related to the breadth of the relaxation curve, and G 0 can be interpreted as the zero time shear modulus. Clearly, G(t) is a function of both aging time in the glassy state and of temperature. The prior study 18 showed that time-aging time superposition and time-temperature superposition applied very well to this polycarbonate in the range 30-135°C.
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B. Time-aging time and time-temperature superposition
The reduced time concepts involved in the time-aging time and the time-temperature superposition principles have been extensively discussed elsewhere. 1, 5, 10, [12] [13] [14] [15] [18] [19] [20] [21] [22] 27, 29, 30 Here we provide the relevant definitions for the analysis used in this study. The superposition principle is based on the assumption that the shape of the viscoelastic spectrum, and therefore that of the relaxation modulus, does not vary with the relevant parameter, e.g., aging time t e or temperature T. In the framework of the KWW function ͓Eq. ͑2͔͒, the isothermal response at aging time t e,i relative to that at some reference aging time t e,r is written in terms of an aging time shift factor a te , a te ϭ 0 ͑T,t e,i ͒ 0 ͑T,t e,r ͒ . ͑3͒
Similarly, the isochronal response at different temperatures is described by a temperature shift factor a T ,
where T i is the temperature of interest and T r is the reference temperature. Then, the simplest form of time-aging time and time-temperature superposition for the stress relaxation response is described as
Ϫ͓t/a T a te 0 ͑t e,r ,T r ͔͒ ␤ .
͑5͒
Equation ͑5͒ represents a time-aging time and timetemperature reduction without any ''vertical'' shifting of the data. However, it has been observed 1,12,29 that, in fact, vertical shifts can be required to reduce the data and the phenomenological justification for such shifting has been described by Markovitz. 30 Above the glass transition, in polymers, the basis for the vertical shifts is understood in terms of rubber elasticity of the entangled macromolecular chains.
1 Near to and below the glass transition, the theoretical understanding for such vertical shifts has yet to be provided. Regardless, the vertical shifts for aging time b te and temperature b T are written in terms of the parameters of Eq. ͑2͒ as follows:
and the reduced stress relaxation modulus is then written as .
͑8͒
Equations ͑2͒-͑8͒ provide a useful framework for data analysis. Because the viscosity is not the appropriate variable to use to examine the temperature dependence of the segmental relaxation in high molecular weight polymers, we use the segmental shift factor a T which is more readily analyzed in the form of the so-called WLF ͑Ref. 4͒ equation rather than the Vogel-Fulcher 3 Eq. ͑1͒. Thus,
where C 1 and C 2 are material parameters and T s is a reference temperature, often taken as the glass transition tempera- ture. The Vogel-Fulcher parameters and the WLF parameters are related by the following expressions:
Finally, in a recent paper, DiMarzio and Yang 9 proposed a new model that relates the relaxation response ͑transport properties͒ of glass forming polymers based on a simplified energy landscape and in the context of the Gibbs-DiMarzio 31,32 configurational entropy theory of the glass transition. In their model, contrary to the expectation that one would find a Vogel-Fulcher relationship similar to that obtained via the Adam-Gibbs 8 construction, they find that the shift factors ͑or viscosities͒ follow an Arrhenius-type of behavior as the glass transition is approached. Then, the shift factors should depend on temperature according to the following relationship:
where A is a constant, k b is the Boltzmann constant, and F c is the configurational free energy, which DiMarzio and Yang 9 find to be constant below the glass transition temperature.
Equation ͑12͒ predicts that the transport properties are expected to be nonsingular ͑and Arrhenius-type͒ as one traverses the glass transition-contrary to prior thought based on the WLF or Vogel-Fulcher relationship observed for viscosity and often also interpreted in terms of the Adam-Gibbs 8, 33, 34 relationship in which the shift factors depend on the reciprocal of the configurational entropy S c Ϫ1 . The relevant variable is the configurational free energy F c , which is expected to be a constant below the glass transition.
III. EXPERIMENTAL METHODS "REF. 35…
A. Material
The material employed in this investigation was a General Electric Lexan LS-2, which is an UV stabilized, commercial grade bisphenol-A polycarbonate. This material has been extensively characterized in this laboratory and the reader is referred to the relevant publications 18, 20, 21, [36] [37] [38] for detailed information. Relevant to this work, the nominal T g was measured as 141.3°C using differential scanning calorimetry heating at 10°C/min. 36 ͑The T g was taken as the midpoint of the change in the heat capacity.͒ The characteristics of the material are given in Table I . The polycarbonate was supplied in the form of extruded rods of 25 mm diam.
B. Stress relaxation testing
Cylinders of the polycarbonate were first machined to a length of 50 mm and diameter 12 mm. Subsequently a gauge section of 30 mm length and from 4 to 7 mm diam was machined. In order to remove the effects of previous thermal and/or mechanical history, the samples were heated to 145°C ͑approximately 4°C above the nominal T g ) for 1 h prior to testing. Residual birefringence was not observed on looking through crossed polars. Single samples could be used for multiple tests. Samples were replaced when they failed. Therefore, multiple samples were used to complete the entire body of experiments.
The torsion measurements were carried out on a Rheometrics RMS 7200 load frame, modified in our laboratory with a computer controlled servomotor. The sample and grips were housed within a heater chamber for temperature control. The measured oven stability ͑based on the range of measurements͒ was better than Ϯ0.2°C. The torque relaxations were measured at nominal strains ␥ ͑based on the cylinder outer radius͒ of 0.02,
where ⌽ϭangle of twist, R is the cylinder radius, L is the length of the gauge section, and ⌿ is the angle of twist per unit length. Aging experiments were performed by first normalizing the samples at 145°C for 1 h and then rapidly cooling them to the aging temperature for testing. We followed the aging procedure first suggested by Struik. 22 After the temperature change, a sequence of deformations was applied to each sample beginning at an aging time t e,1 and with a loading time t d,1 where the sample was unloaded for a time t u,1 . Subsequent deformations were applied at t e,i for durations t d,i such that t d,i /t e,i ϭ0.10 and t e,iϩ1 ϭ2t e,i . Here we report results from experiments performed for aging temperatures between 70°C and 144°C with emphasis on results near to the glass temperature where the aging experiments showed that the mechanical response had attained its equilibrium value in 23d or less. For temperatures higher than 135°C no aging was observed because the equilibration times were shorter than the shortest aging time ͑Ϸ1800 s͒ at which the mechanical testing was performed.
Finally, throughout this work, rather than using the stress relaxation modulus we use the torque response. This is because the absolute values of the modulus are not well known for the samples tested very close to the glass transition temperature. This occurred because the samples are soft near to the glass transition and this can lead to some slippage in the grips upon applying the step-strain in torsion ͑the grips are fully described in a paper by McKenna and Kovacs 39 
͒.
Hence the absolute magnitude of the strain is unknown. a Molecular weights are given as weight average, number average, and z average by subscripts w, n, and z, respectively. According to ISO-31-8, the term ''molecular weight'' has been replaced by ''relative molecular mass'' symbol M r . Thus, if this nomenclature and notation were to be followed in this publication, one would write M r,w instead of the historically conventional m w for the weight average molecular weight and it would be called the ''weight average relative molecular mass.'' The conventional notation, rather than the ISO notation has been used in this publication. b BPAϭBisphenol-A residual in parts BPA per million parts by mass polycarbonate.
However, for the purposes of determining the timetemperature shift factors, the shape of the curves is unchanged and the data are valid for these determinations. We add that, if the slippage that occurred during the initial step in strain had continued during the duration of the relaxation, the shapes of the relaxation curves would have been distorted and time-temperature ͑or time-aging time͒ superposition could not have been applied to the data and shift factors would not have been able to be obtained. One result of this, however, is the inability to determine the vertical shift factors because these are impacted by the error in the strain magnitude. This procedure is, then, similar to that used by Plazek 40 in creep measurements in which an empirical geometry factor is applied for samples of unknown geometry and, therefore, for which the strains are unknown. This results in an arbitrary vertical shifting of the data.
IV. RESULTS
In prior 18, 37, 41 work on this polycarbonate material we applied time-aging time and time-temperature superposition to data generated from tests carried out at temperatures between 30°C and 135°C and for aging times to 63 000 s. ͑The emphasis of the current work is on new data obtained for samples that have been aged into equilibrium below the glass transition temperature.͒ Figure 2 shows the typical relaxation responses for a sample tested at 70°C after being quenched from 145°C. As seen in the figure, the relaxation modulus shifts along the log ͑time͒ axis and the conditions for timeaging time superposition are obtained. Both vertical and horizontal shifts were necessary to superimpose our data. The master curve is depicted as offset by a decade and a half in time for clarity and to show the quality of the superposition. This illustrates the time-aging time superposition behavior of this material.
The aging time shift factors obtained near to the glass transition temperature by shifting torque data are depicted in Fig. 3 where we have plotted the logarithm of the aging time shift factor vs the logarithm of the aging time for temperatures between 119°C and 135°C. Note that the shifts are arbitrarily set to zero at 1800 s aging time. Several important points arise from Fig. 3 . First, at 135°C we note that the material has attained its equilibrium at the shortest aging time after the quench ͑approximately 30 min͒, even though the glass transition is nominally 141°C. This simply reflects the kinetic nature of the T g and is consistent with other such observations. 15, 39, 42, 43, 44 As the temperature of aging decreases, we see that the shift factors ͑or relaxation times͒ evolve as aging time increases because of the decreasing volume or enthalpy of the nonequilibrium glass. 5, 22 After some time the shift factors cease changing and the time at which the evolution ceases increases strongly with decreasing temperature. We consider the plateau for which the evolution has ceased to be the equilibrium mechanical response . Note that at 135°C, the sample has equilibrated within the first 1800 s after the quench and that equilibration takes longer and longer as temperature is decreased. The lowest temperature for which equilibration is achieved was 124.1°C. The approximate equilibration time exceeded 12 days (1ϫ10 6 s). Error bars represent Ϯ0.1 logarithmic decade and the lines bounding the data for the 124.1°C experiments represent 95% confidence limits for the 3rd order polynomial regression to the data.
and we see that at 124.1°C the time to reach this plateau is on the order of 12 days (1ϫ10 6 s). In order to compare responses at the different temperatures, time-temperature superposition needs to be valid. As noted above, prior work 18, 37, 41 established that this polycarbonate can be described by time-aging time and timetemperature superpositions over the temperature range 30-135°C. Here we report the new torque results for the samples aged long enough that their mechanical response had ceased to change, i.e., into equilibrium. Figure 4 shows individual temperature curves as well as the reduced or master curve created by performing vertical and horizontal shifts on the data. The temperature shift factors and error estimates for the equilibrated samples are presented subsequently. 28 Finally, the data obtained from the time-temperature reduction can be used to test the DiMarzio-Yang 9 expectation that the temperature dependence of the time shift factors should become Arrhenius as the glass transition is traversed. In Fig. 5 we plot the temperature shift factors with 142°C chosen as the reference temperature, i.e., a T ϭ1 (log a T ϭ0). The error in the temperature is approximately Ϯ0.2°C ͑range of measurements͒ and reflects the stability of the heater chamber. The error in the temperature shift factor is approximately Ϯ0.2 log units. This error is the estimated sample to sample variation determined from the shift factors required to superpose repeat experiments carried out at the same temperature. Also plotted is the extrapolation of the WLF or Vogel-Fulcher equation for the segmental relaxation of polycarbonate given by Mercier and Groenincks 45 from stress relaxation measurements at temperatures from 140.5°C to 172.5°C and shifted to T s ϭ142°C (C 1 ϭ14. 42 and C 2 ϭ43.97°C). The ''universal'' WLF curve (C 1 ϭ17.44 and C 2 ϭ51.6°C shifted to T s ϭ142°C) is also shown.
Clearly, the data from the present study show a significantly smaller temperature dependence than either of the two WLF curves. Further, the data are almost linear with temperature. We also fitted the data to a WLF function with T s ϭ142°C using a least squares fitting procedure to give values of C 1 ϭ49.7 and C 2 ϭ174.6°C. The resulting curve is also plotted in Fig. 5 . In terms of the Vogel-Fulcher temperature singularity T ϱ , we find that the value is far below that normally expected for glass forming liquids relative to the glass transition temperature, T ϱ ϭT s ϪC 2 ϷϪ33°CϭT g Ϫ175°C. In Fig. 6 we replot the data on an Arrhenius plot (log a T vs 1/T) and show the WLF behavior calculated from the Mercier and Groenincks 45 parameters as well as a line representing the Arrhenius fit to the data with resulting activation energy of E a ϭ9.58ϫ10
. Although the data cannot be used to distinguish among a linear temperature dependence, an Arrhenius temperature dependence or a WLF-Vogel-Fulcher temperature dependence with a very low singularity temperature, it is clear that the equilibrium temperature dependence of the segmental viscoelastic relaxation of polycarbonate does not follow the expected strong singularity obtained from measurements above the glass transition. We interpret this result to be consistent with the predictions of the DiMarzio-Yang 9 model. ͑See also the discussion in Ref. 33 .͒
V. DISCUSSION
The strongly non-Arrhenius temperature dependence of the viscosity or relaxation times has long been assumed to be the hallmark of glass forming liquids. Therefore, it is of interest to ask what the significance of the current results is. First, of course, the question arises as to the universality of the observed transition from the WLF-Vogel-Fulcher-type behavior to the Arrhenius behavior. Is it unique to, e.g., polycarbonate? Or are there other instances of such observed behavior? Do other measurements that observe Arrhenius behavior extend to the same temperature regime? And so forth.
There are sporadic reports of some glass forming liquids exhibiting Arrhenius-temperature dependencies near to the glass transition. Macedo 47 above the glass transition, i.e., it is concave towards the temperature axis in a plot of volume vs temperature rather than convex as in polycarbonate and other glass forming polymers. 5, 29 In other work, Laughlin and Uhlmann 24 and Cukierman et al. 48 have reported for a series of organic glass forming liquids that the viscosity-temperature dependence follows Arrhenius-type behavior beginning at temperatures well above the nominal glass transition temperature. For example, Arrhenius-type behavior is exhibited by ␣-phenyl-o-cresol at Ͼ10
4 Pa s which corresponds to a temperature approximately 20°C above the glass transition measured calorimetrically and approximately 35°C above the glass transition temperature ͑taken as the point at which the viscosity is 10 12 Pa s, a common practice 2, 23, 24, 46 ͒. In the same series of studies, large deviations from the Vogel-Fulcher-type temperature dependence of the viscosity were also shown for ortho-terphenyl, salol and tri-␣-naphthylbenzene. However, in all instances, the onset appeared well above the glass transition temperature and the T ϱ values were reported to be very close to the glass transition temperature whether based on calorimetric estimates or on the point at which the viscosity reached a value of 10 12 Pa s. Table II some comparisons of the calorimetric and viscosity estimated T g values as well as the Vogel-Fulcher T ϱ for several glass forming materials. As noted previously, T ϱ is often in the vicinity of 50°C below the T g as is the case for the polycarbonate data obtained by Mercier and Groenincks. 45 By comparison, the polycarbonate data obtained in this study suggest strongly that the segmental relaxation changes its temperature dependence from WLF-Vogel-type to Arrhenius-type at the same point as the structural recovery times become such that the polymer undergoes its kinetic glass transition. Also, there are other recent measurements on polymers leading to similar findings to our own. Simon et al. 25 report on structural recovery data for polystyrene and find a similar trend to that observed for our polycarbonate data. In addition, they report that data from Braun and Kovacs, 52 upon reanalysis of the temperature dependence of the shift factors, show a transition from Vogel-Fulcher to Arrhenius-type behavior in the vicinity of the conventionally measured glass transition. We remark that Braun and Kovacs 52 did not come to the same conclusion.
In addition, we note that a recent paper by Stickel et al. 53 reports the results of an investigation of the temperature dependence of simple liquid dynamics using multiple methods of measurement. 12 Pa s. Also, note that this measure is not applicable to polymers because their viscosity reflects the entanglement mechanism and varies dramatically with molecular weight while other measures of the glass transition are relatively insensitive to molecular weight once the system is well entangled ͑Ref. 1͒. a second Vogel-Fulcher regime, it must appear well below the glass transition or have a temperature dependence closely approximating the Arrhenius-type of temperature dependence.
Finally, we remark that the polymer dynamics model of Douglas and Hubbard 54 suggests a return to Arrhenius behavior below T g followed by a second non-Arrhenius regime below T ϱ -a regime inaccessible in this study. The reader is referred to that work for further details.
VI. SUMMARY
Investigation of the time-temperature superposition response of a polycarbonate glass below the glass transition shows that the temperature dependence of the equilibrium shift factors deviates strongly from the singular behavior expected from the Vogel-Fulcher or WLF dependence obtained in equilibrium and above the nominal T g . Samples were aged into equilibrium at temperatures as much as 17°C below the nominal calorimetric T g and the segmental shift factors were obtained from the stress relaxation response. The temperature dependence of the shift factors in the temperature range investigated can be interpreted as being Arrhenius, but is also indistinguishable from either a linear temperature dependence or a very weak singularity, with Vogel-Fulcher parameter T ϱ having a value some 175°C below the nominal T g . These results are consistent with a new model developed by DiMarzio and Yang 9 in which it is claimed that the viscosity should not exhibit a temperature singularity in traversing the glass transition.
